Intrathymic T Cell Development and Selection Proceeds Normally in the Absence of Glucocorticoid Receptor Signaling  by Purton, Jared F et al.
Immunity, Vol. 13, 179±186, August, 2000, Copyright ª 2000 by Cell Press
Intrathymic T Cell Development and Selection
Proceeds Normally in the Absence of Glucocorticoid
Receptor Signaling
N-terminal transactivation domain, a DNA binding do-
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homodimerizes and translocates to the nucleus, where
it binds to specific hormone response elements in DNA
Jared F. Purton,*² Richard L. Boyd,*
Timothy J. Cole,²§ and Dale I. Godfrey*³§
*Department of Pathology and Immunology
Monash University Medical School
Commercial Road
to either activate or repress transcription of targetPrahran, 3181, Victoria
genes. The GR can also modify gene transcription viaAustralia
direct protein±protein interactions with other transcrip-²Baker Medical Research Institute
tion factors, such as AP1 and NF-kB (Cato and Wade,Commercial Road
1996).
Prahran, Victoria, 3181
The exact role of glucocorticoids in intrathymic T cell
Australia development has recently been investigated by two dif-
ferent groups using transgenic mice bearing an anti-
sense construct of the GR gene (King et al., 1995; Morale
Summary et al., 1995; Sacedon et al., 1999) Although both groups
reported significant changes in T cell development, the
Glucocorticoids are believed to play a role in T cell results from one group contrasted with those from the
development and selection, although their precise other. The reasons for these discrepancies are unclear.
function is controversial. Glucocorticoid receptor (GR)- Glucocorticoids have also been proposed as a key fac-
tor in determining positive versus negative selection.deficient mice were used to directly investigate this
Two recent studies have provided data showing thatproblem. GR-deficient thymocytes were resistant to
inhibitors of steroidogenic enzymes increase thymocytedexamethasone-mediated apoptosis, confirming the
sensitivity to deletion (Vacchio and Ashwell, 1997; Vac-absence of glucocorticoid responsiveness. An absence
chio et al., 1999). However, these findings have alsoof GR signaling had no impact on thymocyte develop-
been contrasted by other reports showing decreasedment either in vivo or in vitro. T cell differentiation,
thymocyte sensitivity to deletion after inhibition of GRincluding positive selection, was normal as assessed
signaling (Jondal et al., 1993; Xue et al., 1996; Paziran-by normal development of CD41CD81, abTCR1CD41,
deh et al., 1999). Collectively, while these studies sug-and abTCR1CD81 thymocytes. Negative selection,
gest a possible function for glucocorticoids in T cellmediated by the superantigen staphylococcal entero-
development, their precise role remains unclear.
toxin B (SEB), or anti-CD3/CD28, was also normal in A problem with the above studies using GR anti-sense
the absence of GR signaling. In contrast to earlier transgenic mice and steroidogenic enzyme inhibitors
reports, these data demonstrate that GR signaling is may be incomplete and/or nonspecific inhibition. To fur-
not essential for intrathymic T cell development or ther clarify the role of GR signaling in the thymus, we
selection. have utilized GR-deficient (2/2) mice in which glucocor-
ticoid signaling via GR is specifically abolished. These
Introduction mice contain a large insertion in exon 2 of the GR gene
that effectively blocks production of functional GR in
It is well established that most (95%±97%) thymocytes vivo (Cole et al., 1995). All GR2/2 mice on the 129/Sv
are extremely sensitive to glucocorticoid-mediated apo- isogenic background die at birth due to retarded lung
ptosis (Scollay and Shortman, 1983; van Vliet et al., development. We have used these GR2/2 mice to ana-
1986). This has been the basis of a large body of research lyze intrathymic T cell development, both ex vivo and
into a possible role for glucocorticoids in intrathymic T in vitro using FTOC, including an examination of positive
cell development. Thymocytes express high levels of and negative selection. No differences were detected
the glucocorticoid receptor (GR) (Miller et al., 1998), and between GR2/2 mice, GR1/2, and wild-type control lit-
local glucocorticoid production has recently been dem- termates. Our data therefore argues against a central
onstrated by thymic epithelial cells (Vacchio et al., 1994; role for glucocorticoids in intrathymic T cell devel-
Pazirandeh et al., 1999), although steroidogenic poten- opment.
tial is not required for these cells to mediate positive
selection (Jenkinson et al., 1999). Among the thymo- Results and Discussion
cytes that are relatively resistant to glucocorticoid-
induced apoptosis are the most mature single positive In this study, we have directly tested the importance of
(SP) cells (Scollay and Shortman, 1983), suggesting this glucocorticoids in intrathymic T cell development, using
property is acquired subsequent to positive and nega- gene-targeted GR-deficient mice. These mice contain a
tive selection and just prior to thymic emigration. large insertion in exon 2 (disrupting the transactivation
Glucocorticoids exert their immunoregulatory effects domain) and are deficient for GR expression and protein,
by binding to an intracellular GR (Beato et al., 1995; as shown by Northern and Western blot analysis (Cole
Bamberger et al., 1996). The GR consists of a large et al., 1995, 1999) and also for functional GR as shown
by dexamethasone unresponsiveness in hepatocytes
(Cole et al., 1999). They also lack GR-mediated repres-³ To whom correspondence should be addressed (e-mail: tim.cole@
sive effects as demonstrated by the absence of normalbaker.edu.au or dale.godfrey@med.monash.edu.au).
§ These authors contributed equally to this work. repression of the hepatic corticosteroid binding globulin
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Figure 1. Treatment of GR2/2 Thymocytes
with DEX Does Not Induce Apoptosis
Thymocytes isolated from E18 mice were cul-
tured in the presence or absence of 1026 M
DEX.
(A) Cell viability was determined over time
using ethidium bromide/acridine orange via-
bility stain. Data represents one of four exper-
iments (In the other three experiments, trypan
blue was used as a viability stain which
yielded similar results [data not shown]). Total
samples analyzed from three experiments:
GR1/1, n 5 8; GR1/2, n 5 22; and GR2/2, n 5 9.
(B) Thymocytes were harvested at various
time points and labelled with Annexin-V-FITC
and propidium iodide (PI). The proportion of
Annexin-V1 cells are plotted for each sample
over time. Only 3 time points (3, 24, and 48
hr) were screened by this process. The results
shown in (A) and (B) represent the mean 6
standard error from (GR1/1, n 5 3; GR1/2, n 5
3; and GR2/2, n 5 4) samples.
(C) Flow cytometric analysis of thymocytes
isolated at the 24 hr time point. Each geno-
type is shown under control and DEX-treated
conditions. One column shows forward ver-
sus side light scatter with a lymphoid gate
added for comparison, the other column
shows Annexin-V versus PI on total cells (re-
gardless of forward/side scatter). Results are
representative of GR1/1 (n 5 3), GR1/2 (n 5
3), and GR2/2 (n 5 4) samples.
gene (Cole et al., 1999). Therefore, GR2/2 mice represent thymocytes, most were ultimately killed by 48 hr in the
presence of DEX. Interestingly, the level of GR mRNAa good model to study thymocyte development in the
total absence of GR signaling as they completely lack in GR1/2 thymocytes is 30%±50% of wild type (Cole et
al., 1995, 1999), similar to levels reported in GR anti-GR transactivation and repression-mediated effects.
sense transgenic mice (King et al., 1995; Morale et al.,
1995; Sacedon et al., 1999). As a more direct measureThymocytes from GR2/2 Mice Are Insensitive
of apoptosis, thymocytes from these cultures were alsoto DEX-Induced Apoptosis
labeled with Annexin-V and propidium iodide (PI) toA range of dexamethasone (DEX) concentrations from
identify cells at early and late stages of apoptosis (Fig-1024 to1028 M were initially tested, with 1026 M chosen
ures 1B and 1C). Morphological characteristics of theseas a dose that effectively caused marked cell death in
cells were assessed using forward versus side light scat-wild-type thymocytes by 2 days in culture (data not
ter (Figure 1C). Again, GR2/2 thymocytes were foundshown). GR1/2 mice were mated and embryos harvested
to be completely resistant to glucocorticoid-mediatedby cesarian section just prior to birth at E18. Thymocytes
apoptosis, whereas GR1/2 thymocytes were partially re-were harvested from embryos, which included GR1/1
sistant, as assessed by each of the above criteria.(wild-type), GR1/2, and GR2/2 littermates, and cultured
in the presence or absence of DEX (Figure 1). For each
thymocyte sample, the viability of DEX-treated thymo- Normal Embryonic T Cell Development
in GR2/2 Thymocytescytes was compared to the viability of control-cultured
thymocytes and plotted with time (Figure 1A). Whereas If GR-mediated signaling plays a role in the differentia-
tion, maintenance, and selection of thymocyte popula-wild-type thymocytes were progressively killed, thymo-
cytes from GR2/2 fetal mice were not significantly af- tions, one would expect to find changes in the popula-
tions or total numbers of thymocytes from GR2/2 mice.fected by DEX treatment, indicating that these cells are
completely refractory to glucocorticoid-mediated cell Because GR2/2 mice die at birth from impaired lung
development, ex vivo analysis had to be carried outdeath. Although GR1/2 died more slowly than GR1/1
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a decrease in the number of DP thymocytes in fetal and
adult mice (King et al., 1995). This decline in thymus size
and proportion of DP thymocytes was found as early as
E16. King et al. showed similar results when metyra-
pone, a glucocorticoid synthesis inhibitor, was added
to FTOC and proposed that glucocorticoids play a role
in either the development of the DP stage, survival of
DP, or both. However, a similar study (Morale et al.,
1995), also using GR anti-sense transgenic mice,
showed an increase in thymocyte numbers and propor-
tion of DP in adult mice. More recently, the same group,
(Sacedon et al., 1999a), showed that increased thymo-
cyte numbers were restricted to adult GR anti-sense
mice, whereas fetal mice exhibited a partial blockage
in thymocyte development causing an immature TN pro-
file, albeit with normal thymocyte numbers. This finding
was further contrasted by another study from the same
group which reported accelerated thymocyte develop-
ment in the fetal progeny of adrenalectomized pregnant
rats (Sacedon et al., 1999b). Considering these con-
trasting results using GR anti-sense transgenic mice,
combined with the incomplete inhibition of GR expres-
sion (approximately 50% of wild type), we believe data
Figure 2. A Normal T Cell Repertoire at E18 in GR2/2 Mice presented here from GR2/2 and GR1/2 mice to be more
GR1/1, GR1/2, and GR2/2 thymocytes isolated at E18 were analyzed reliable. GR signaling appears to be dispensable for the
by flow cytometry for the expression of CD4 and CD8. Dot plots early stages of T cell development, at least up to the
shown are representative data for each genotype from nine indepen- DP stage.
dent experiments.
just prior to birth at E18. Thymocytes were harvested, Normal T Cell Development and Positive Selection
in GR2/2 Thymus Lobes in FTOCcounted, and subpopulations examined by flow cytome-
try (Figure 2). By E18, regardless of GR genotype, devel- Two recent studies have specifically addressed the role
of GR signaling on positive selection, which leads to theoping thymocytes had progressed to the double positive
(DP) stage and were just beginning to undergo positive development of mature SP cells from DP precursors
(Vacchio and Ashwell, 1997; Vacchio et al., 1999). Bothselection and lineage commitment to the mature SP
stages. As expected, although significant populations provide evidence that in the absence of GR signaling
(using FTOC in the presence of metyrapone), DP thymo-of CD41CD82 and CD42CD81 cells are detected at this
stage, only a minor fraction of these are mature as cyte numbers are decreased in a manner that directly
correlates with the degree to which their TCR interactsjudged by abTCRhigh staining (Hugo et al., 1991; data not
shown), the rest being immature SP which are intermedi- with self-MHC. These data supported the idea that inhi-
bition of GR signaling was converting a positive selec-ate populations on their way to becoming DP. No signifi-
cant differences were detected between GR1/1, GR1/2, tion signal to negative selection, leading to death of DP
cells that would have normally differentiated to SP cells.and GR2/2 mice in thymocyte recovery or in the propor-
tion of CD4- and CD8-defined thymocyte subsets (Table We utilized FTOC of E15 thymuses to allow development
of mature thymocytes. Thymus lobes were cultured in1; Figure 2) or the proportions of abTCRhigh cells or gd
T cells (data not shown) Although T cell development is pairs and fetuses genotyped by PCR. After 12 days in
culture, the thymocytes were harvested, counted, andfar from complete by E18, from this ex vivo analysis, we
can state that the CD42CD82CD32 triple negative (TN) examined by flow cytometry. Again, no significant differ-
ences were found between the cell numbers obtainedto DP transition (Godfrey and Zlotnik, 1993), including
TCRb selection and maintenance of DP thymocyte num- from thymus lobes of each genotype (Figure 3Bi). Fur-
thermore, no differences were detectable between thebers, appears to be independent of GR signaling. This
contrasts with studies that have used GR anti-sense GR genotypes in the percentages of abTCR-, CD4-, and
CD8-defined populations of the thymus (Figure 3) astransgenic mice where GR expression is suppressed to
30%±50% of wild-type levels (King et al., 1995; Morale well as gd T cells defined by gdTCR expression (data not
shown). Most importantly, major populations of matureet al., 1995; Sacedon et al., 1999). One of these studies
reported a reduction in thymus size and cellularity and CD41CD82 and CD42CD81 cells were detected in each
Table 1. Normal T Cell Development at E18 in GR2/2 Mice
Genotype N Cells/Lobe (31026) CD42CD82 CD41CD81 CD41CD82 CD42CD81
GR1/1 12 3.8 6 1.3 7.8 6 2.4 83.2 6 5.4 2.5 6 2.0 6.5 6 4.8
GR1/2 28 3.8 6 1.6 7.6 6 3.0 84.0 6 5.8 2.8 6 1.9 5.6 6 4.6
GR2/2 8 3.2 6 1.4 9.6 6 4.0 82.9 6 7.5 3.0 6 2.1 4.5 6 2.7
The total cell numbers and the percentages of the CD4- and CD8-defined populations of the thymus are summarized as mean 6 standard
deviation. Data are derived from eight independent experiments.
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Figure 4. GR2/2 Thymocytes Undergo Normal Death by Neglect In
Vitro
Thymocytes isolated from E18 mice were cultured in culture media
with no additional stimulation. Cell viability was determined over
time using ethidium bromide/acridine orange viability stain. Data
represents one of four experiments (in the other three experiments,
trypan blue was used as a viability stain, which yielded similar results
[data not shown]). Data is displayed as mean 6 standard error from
GR1/1 (n 5 3), GR1/2 (n 5 3), and GR2/2 (n 5 4) samples. Total
samples analyzed from four experiments: GR1/1, n 5 8; GR1/2, n 5
22; and GR2/2, n 5 9.
Figure 3. T Cell Development Is Normal in the Absence of GR Signal- Thus, our results are completely inconsistent with the
ing in FTOC above reports on the role of GR signaling in positive
Thymuses were dissected from E15 fetuses and cultured for 12 days selection (Vacchio and Ashwell, 1997; Vacchio et al.,
in FTOC. Thymocytes were harvested, counted, then analyzed by 1999). Although it may be possible that in the absence
flow cytometry for the expression of CD4, CD8, and abTCR. of GR, glucocorticoids are acting through another path-
(A) Representative dot plots show CD4 versus CD8 labeling on total way, this seems very unlikely, as we have clearly shown
thymocytes of GR1/1 and GR2/2 mice. Histograms show abTCR
that GR2/2 thymocytes are absolutely resistant to gluco-expression on each CD4/CD8-defined subset, as indicated.
corticoid-induced cell death (Figure 1).(B) Both graphs display mean 6 standard error from seven separate
experiments.
Negative Selection Occurs Normally(Bi) Shows total cell numbers recovered from each lobe.
(Bii) Summarizes the percentage of CD4/CD8-defined populations in GR2/2 Thymuses
from all experiments. Another possible point in T cell development that may
involve GR signaling is negative selection. This is sup-
ported by a study showing that anti-CD3-induced apo-
ptosis could be blocked by RU486, a synthetic steroidcase, demonstrating that both GR1/2 and GR2/2 thymo-
cytes undergo positive selection and develop into ma- with anti-progesterone and anti-glucocorticoid activity,
in vivo. Also, anti-CD3-induced apoptosis was en-ture SP T cells as efficiently as wild-type thymocytes.
It is well established that the development of mature hanced by a low dose of glucocorticoid in vivo (Jondal
et al., 1993). More recently, this group showed thatSP thymocytes in FTOC requires positive selection
based on low avidity interactions between the TCR and RU486 was able to inhibit anti-CD3-mediated cell death
in newborn thymic organ cultures. In the same study,self-MHC/peptide (Hogquist et al., 1994; Sebzda et al.,
1994). If GR signaling is required to transform death- RU486 was tested for its ability to inhibit specific pep-
tide-mediated negative selection using two differentinducing signals through the TCR of developing thymo-
cytes into positive selection, leading to the development TCR-transgenic mouse lines: MHC class II (I-Ad) re-
stricted anti-ovalbumin, and MHC class I (H-2Dd) re-of mature SP cells (Vacchio and Ashwell, 1997; Vacchio
et al., 1999), we would expect at least a reduction if not stricted anti-influenza A nucleoprotein (Xue et al., 1996).
Interestingly, RU486 inhibited negative selection botha complete absence of these cells in the thymuses from
GR2/2 mice. This is clearly not the case. Also, if GR in vivo and in in vitro organ cultures in the MHC class
II±restricted system but not in the MHC class I±restrictedsignaling plays a role in the removal of unselected DP
thymocytes (death by neglect), we might have expected system. It was suggested in that study that GR signaling
may be involved in negative selection in the CD4 lineagean increase in the proportion of these cells, and again
this was not observed. As an in vitro model for death but not the CD8 lineage.
Two different techniques were employed to examineby neglect, thymocytes from day 18 embryos were cul-
tured in the absence of stimulation (Figure 4). The same negative selection in the absence of GR signaling. FTOC
was performed in the presence of the superantigen SEB,kinetics of cell death was detected regardless of the GR
genotype. which leads to the deletion of SEB-reactive thymocytes
Glucocorticoids and T Cell Development
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Figure 5. Normal SEB-Mediated Negative Se-
lection in GR2/2 Thymocytes
Thymuses from E15 mice were cultured with
or without SEB for 11 days. Thymocytes from
these lobes were counted and analyzed using
flow cytometry. The CD4/CD8-defined sub-
sets were examined for expression of Vb8
and Vb2.
(A) Histograms from representative experi-
ments on GR1/1 and GR2/2 mice. The histo-
grams display the expression of Vb8 (using
anti-Vb8.1, 8.2) and Vb2 on CD41CD82 and
CD42CD81 thymocytes following differentia-
tion in the presence of SEB or control (PBS).
(B) Both graphs display mean 6 standard
error.
(Bi) Shows total cell numbers recovered from
lobes of each genotype after treatment with
SEB or control.
(Bii) Summarizes the expression of Vb8 and
Vb2 on CD41CD82 and CD42CD81 thymo-
cytes following differentiation in the presence
of SEB or control.
(expressing TCR-Vb3, Vb7, and Vb8) as they develop. from GR2/2, GR1/2, and GR1/1 littermates were cultured
for 20 hr in the presence of plate-bound anti-CD3 andThis is a widely used model for investigating thymic
negative selection both in vivo and in vitro FTOC (Jenkin- anti-CD28. Apoptosis in these cultures was clearly de-
tectable by several parameters including forward ver-son et al., 1990; Kishimoto et al., 1998). Thymus lobe
pairs were set up at E15 in FTOC as before. Donor sus side light scatter, CD4/CD8 downregulation, and
Annexin-V versus propidium iodide staining (Figure 6).embryos were genotyped, and SEB in PBS or PBS alone
was added within 24 hr to FTOC of each genotype. These effects were identical, regardless of whether thy-
mocytes were GR2/2, GR1/2, or GR1/1.Thymus lobes were cultured for a further 11 days and
harvested on day 12, and thymocytes were counted, Again, in contrast to earlier studies suggesting a role
for glucocorticoids in negative selection, our results indi-stained, and analyzed by flow cytometry (Figure 5). The
presence of SEB in these cultures led to the specific cate that the absence of GR signaling had no impact
on this process. This is also interesting in light of anotherdeletion of SEB-reactive Vb81 cells. As a specificity con-
trol, Vb21 thymocytes, which are not SEB-reactive, were report showing that SEB-mediated deletion of thymic
and peripheral T cells was inhibited by GR blockadealso analyzed and as expected were not deleted in the
presence of SEB. In contrast, they were found in in- with RU486 (Gonzalo et al., 1994). The basis of the dis-
crepancies between our data and these earlier studiescreased frequency, presumably due to the removal of
SEB-reactive cells (which include Vb3, Vb7, and Vb8.1, is unclear, although it is possible that RU486 is interfer-
ing with progesterone-mediated signaling. The thymus8.2, and 8.3 positive thymocytes and account for at least
35% of mature thymocytes). No significant differences is known to express progesterone receptors and these
have been shown to be necessary for thymus involutionwere detected in the total cell numbers obtained from
lobes of different genotypes that were treated with SEB during pregnancy (Tibbetts et al., 1999).
or PBS. Most importantly, no differences were observed
in the extent of SEB-mediated deletion of Vb81 thymo-
cytes when GR2/2, GR1/2, and GR1/1 thymuses were Concluding Remarks
A role for glucocorticoids in T cell development has beencompared (Figure 5B).
In a separate assay for negative selection, thymocytes proposed for a number of years, particularly in light
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Figure 6. Normal Anti-CD3/CD28-Mediated Negative Selection in GR2/2 Thymocytes
Thymocytes from E18 mice were cultured in the presence or absence of anti-CD3/CD28 cross-linking for 20 hr. The data are divided into two
groups of nine FACS profiles, one showing unstimulated cells and the other showing stimulated cells. For each group, the left column shows
forward versus side light scatter and the lymphocyte gate used for generating the next two columns, showing CD4 versus CD8 (middle
column), and Annexin-V versus PI labeling (right column). Each GR genotype is shown on a separate row. Data are representative from
GR1/1 (n 5 3), GR1/2 (n 5 3), and GR2/2 (n 5 4) samples.
Glucocorticoid Sensitivity Testof glucocorticoid production and receptor expression
Thymocytes were prepared from fetal day 18 (E18) thymuses,within the thymus, and the extreme sensitivity of thymo-
counted, and cultured in RPMI 1640 medium (GIBCO±BRL, Grandcytes to glucocorticoid-mediated apoptosis. Although
Island, NY), 5% FCS (Trace, Australia), 2 mM GlutaMax (GIBCO), 50several studies have been recently published sug-
mg/ml penicillin (GIBCO) and 50 mg/ml streptomycin (GIBCO) (culture
gesting that inhibition of glucocorticoid production or media). Thymocytes were cultured with 1026 M dexamethasone
responsiveness impacts on intrathymic T cell develop- (DEX) (Sigma, St. Louis, MO) diluted from a 1023 M solution stored
ment and selection, these results have been contradic- in ethanol or with a (1/1000) dilution of ethanol alone as a vehicle
tory and the conclusions equivocal. We believe our control. Cells were harvested after various times and the effects of
DEX assessed using a range of techniques. Viability was determinedstudy to be more reliable on the role of GR signaling in
using either trypan blue dye exclusion (Sigma) or ethidium bromide/T cell development, because the GR2/2 mouse model
acridine orange labeling (Sigma) using a fluorescence microscopeis specific without relying on inhibitory agents that may
with narrow band blue excitation. Both techniques resulted in similarinterfere with pathways other than GR signaling. In con-
estimations of cell viability. The percentage of apoptotic thymocytesclusion, our data suggests that the role of GR signaling
of each GR genotype in the presence of DEX or control media
in T cell development and selection needs to be reevalu- was plotted against time. A separate sample of thymocytes were
ated, and based on these data, we suggest that GR harvested at each time point and labeled with Annexin-V-FITC (Phar-
signaling is dispensable for this process. Mingen, San Diego, CA) and propidium iodide (Sigma) to examine
early and late apoptotic cells. These cells were examined using a
FACScan flow cytometer (Becton Dickinson, San Jose, CA).Experimental Procedures
Flow CytometryMice and Genotype Analysis
Biotinylated hamster anti-mouse gd-TCR (GL5 clone), phycoer-Glucocorticoid receptor gene-targeted mice on a 129/Sv isogenic
ythrin-conjugated hamster anti-mouse abTCR (H57±597 clone),background (Cole et al., 1995) were used in all experiments. These
allophycocyanin-conjugated rat anti-mouse CD4 (RM4±5 clone), bi-mice have been brother-sister mated for 5 years (approximately 20
otinylated rat anti-mouse Vb2 (B20.6 clone), and biotinylated ratgenerations). Heterozygote GR1/2 mice were mated to generate
anti-mouse Vb8.1, 8.2 (F23.1 clone) were from PharMingen. Tricolor-timed-pregnant mice. Genomic DNA was prepared from fetal mouse
conjugated rat anti-mouse CD8a (CT8 clone) was from Caltag Labo-tissues for genotyping by PCR at the GR locus using a set of three
ratories (Burlingame, CA). Streptavidin-FITC was from Molecularprimers: GR1, GAGCTGCTTTGTGGATGGGAGC (intron between ex-
Probes (Eugene, OR). Unconjugated rat anti-mouse CD16 (2.4G2ons 1C and 2); GR2, CAGGGTTTTATACAAGTCCATCA (exon 2); and
clone) was used in all cytometry experiments to block nonspecificPGKNeo, TCCATTTGTCACGTCCTGCACGAC (from the mouse phos-
Fc receptor-mediated binding. Flow cytometric analysis was carriedphoglycerate kinase promoter). PCR reactions (30 ml) contained 10
out using a two-laser, four-color FACScalibur (Becton Dickinson).mM Tris-HCl (pH 9.0) (Promega, WI), 50 mM KCl (Promega), 2 mM
MgCl2 (Promega), 0.1% Triton X-100 (Promega), 250 mM dNTPs (Pro-
mega), 0.4 mM of each primer (Geneworks, South Australia, Austra- Fetal Thymic Organ Cultures
Fetal thymus lobes were obtained at E15 from matings of GR1/2lia), and 2 U Taq polymerase (Promega). PCR was performed in 0.25
ml thin-walled tubes under the following conditions: 29 cycles at mice and set up for fetal thymic organ cultures (FTOC) as previously
described (Godfrey et al., 1994). FTOC was performed in culture948C for 30 s, 588C for 60 s, and 728C for 90 s. PCR reactions
generated a 300 bp GR wild-type fragment or a 500 bp GR mutant media supplemented to 10% FCS (Trace), 15 mM HEPES buffer
(GIBCO), 1 mM sodium pyruvate (GIBCO). Lobes were cultured infragment, dependent on GR genotype.
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pairs (1 thymus per culture dish) for 12 days with a media change of the murine corticosteroid-binding globulin gene. Mol. Cell. Endo-
crinol. 154, 29±36.on the sixth day of culture. After setting up FTOC, fetuses were
genotyped as described above. Twelve days of culture was used; Godfrey, D.I., and Zlotnik, A. (1993). Control points in early T-cell
this is a frequently studied time point and allows optimal develop- development. Immunol. Today 14, 547±553.
ment of mature SP thymocytes, the main population of interest, as
Godfrey, D.I., Kennedy, J., Gately, M.K., Hakimi, J., Hubbard, B.R.,
these could not be effectively analyzed at E18 ex vivo. After 12 days,
and Zlotnik, A. (1994). IL-12 influences intrathymic T cell develop-
thymocytes were harvested from lobes, counted, and analyzed by
ment. J. Immunol. 152, 2729±2735.
flow cytometry.
Gonzalo, J.A., Baixeras, E., Gonzalez-Garcia, A., George-Chandy,
A., Van Rooijen, N., Martinez, C., and Kroemer, G. (1994). Differential
SEB-Mediated Negative Selection
in vivo effects of a superantigen and an antibody targeted to the
SEB (Sigma) was added to FTOC to induce clonal deletion of Vb8-
same T cell receptor. Activation-induced cell death vs passive mac-
expressing thymocytes. Fetuses were genotyped at the GR locus
rophage-dependent deletion. J. Immunol. 152, 1597±1608.
by PCR within 24 hr of initiating FTOC, and SEB was added to wells
Hogquist, K.A., Jameson, S.C., Heath, W.R., Howard, J.L., Bevan,of each genotype at a final concentration of 10 mg/ml, previously
M.J., and Carbone, F.R. (1994). T cell receptor antagonist peptidesshown to be adequate to induce negative selection in FTOC (Jenkin-
induce positive selection. Cell 76, 17±27.son et al., 1990). Control cultures of each genotype were treated
Hugo, P., Waanders, G.A., Scollary, R., Petrie, H.T., and Boyd, R.L.with an equivalent volume of PBS diluted in media. Lobes were
(1991). Characterization of immature CD41CD82CD32 thymo-cultured in the presence of SEB for a further 11 days with one media
cytes. Eur. J. Immunol. 21, 835±838.change including fresh SEB after 5 days. Single-cell suspensions
were prepared for counting and flow cytometry analysis. Jenkinson, E.J., Kingston, R., and Owen, J.J. (1990). Newly gener-
ated thymocytes are not refractory to deletion when the alpha/beta
component of the T cell receptor is engaged by the superantigenAnti-CD3/CD28-Mediated Negative Selection
staphylococcal enterotoxin B. Eur. J. Immunol. 20, 2517±2520.Anti-CD3- and anti-CD28-mediated negative selection was carried
out according to a previously described method (Kishimoto and Jenkinson, E.J., Parnell, S., Shuttleworth, J., Owen, J., and Ander-
Sprent, 1999). Briefly, anti-CD3 (clone KT3) and anti-CD28 (clone son, G. (1999). Specialized ability of thymic epithelial cells to mediate
37.51, a kind gift of Dr. Hubertus Hochrein, Walter and Eliza Hall positive selection does not require expression of the steroidogenic
Institute, Australia) were diluted to 10 mg/ml each in PBS and 50 enzyme P450scc. J. Immunol. 163, 5781±5785.
mL/well used to coat 96-well plates for overnight incubation at 48C.
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